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The series of studies made in recent years by the members of the

Department of Zoology at the University of California, as well as other

investigations, have thrown much light on the relations between environ-

mental factors and the habits of termites, particularly with respect to

diet, moisture, and symbiotic microorganisms. Questions have arisen

at times in connection with other ecological problems pertaining to the

utilization of and the dependence on oxygen by the termite colony. In

particular, it is conceivable that small differences in the oxygen tension

of various habitats might influence the distribution of species and life

cycle of individuals. In considering the matter from the ecological

point of view, one is confronted by the difficulty that very little is known
about the normal respiration of the termite itself. It was to obtain in-

formation concerning this point that the present study was made.

Several hundred specimens of Termopsis nevadensis, secured from

the vicinity of Santa Cruz, California, were kept in open dishes, and fed

a combination of moist filter paper and wood scraps. For experimental

work they were sorted roughly into sizes, use being made of only the

nymphs. Although such is probably not the case, there is a possibility

that the respiration of the soldiers and reproductives might differ from

that of the nymphs. Both oxygen consumption and carbon dioxide pro-

duction were measured manometrically by the Warburg method. Usu-

ally the gas exchange of about twelve termites at a time was measured

in each manometer vessel. The results were sufficiently consistent to

indicate that variations between individuals were thereby eliminated.

In most cases the termites were weighed and the results expressed as

cubic millimeters of oxygen absorbed or carbon dioxide evolved per

gram per hour. Occasionally, however, this was not necessary, particu-

larly when the results were purely comparative in nature.

It is, of course, very difficult to keep the termites motionless and

otherwise achieve basal conditions. This must be constantly borne in

mind in determining respiratory quotients. Cleveland (1925) has re-

ported a quotient of 1.0, but since he does not state the conditions under

which the measurements were made, it is to be assumed that he was deal-
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ing with normal, active animals, feeding on a preponderantly carbo-

hydrate diet, animals which would he expected to show such a quotient.

However, in investigating the respiration of invertebrates, both anaer-

obic and aerobic, it is not necessary to achieve that particular basal state

demanded in a mammal, provided the conditions are uniform throughout
the entire series of experiments. With termites these conditions may
be attained satisfactorily, as is shown by the following experiment.

Experiment 1. The respiration of ten groups of termites with vary-

ing number of individuals in each was measured at 32 C. The oxygen

consumption in cubic millimeters per gram per hour was : 930, 820, 850,

740, 740, 830, 760, 750, 770, 860. The extreme variation is about

20 per cent.

The possibility should not be overlooked, in dealing with large num-

bers of termites of somewhat different ages, that the respiratory rate

may vary with age. The possibility is eliminated, however, as indicated

thus :

Experiment 2. The oxygen consumption of two groups of termites

was measured at 20 C., the first group consisting entirely of individuals

of an average length of 10 millimeters, the second of 15 millimeters.

The consumption of Group I was 433 cu. mm. CX/gram )( hour and

that of Group II was 413 cu. mm. (X/gram )( hour, the difference lying

within the experimental error.

The general problem of the relation between oxygen tension and

oxygen consumption has been the subject of numerous investigations.

Without entering at this point into any detailed discussion of the results

of this work, it may be stated that there has not yet been found any

clear correlation between the two. Some animals are able to acquire

and use their normal amount of oxygen at extremely low tensions ; oth-

ers are very closely dependent upon the tension. The characteristic

reaction of each species, must be determined experimentally in every

case. (For reviews of the literature, reference may be made to papers

by Helff, 1928, and Hyman, 1929.)

Experiment 3. To ascertain the general relation between oxygen

tension and consumption a series of comparative measurements were

made with several groups of animals at 20 C., using oxygen concentra-

tions of 100, 21, 10, 5, 2, and 0.8 per cent. For the lowest tension a

tank of commercial nitrogen served with oxygen present to the extent

of 0.8 per cent as an impurity. The procedure in all cases was to estab-

lish the normal rate in air and then to replace the air in the manometer

vessel with the gas mixture to be investigated. Frequently two or more

mixtures were introduced successively and when this was done the

order was varied from group to group. Check readings were made at
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the end in air to insure that no injury has been done the respiratory

mechanism through subjection to low or high oxygen tensions. No
abnormalities were observed save in the case of 0.8 per cent. The rate

in air after exposure to this tension was a little low but soon rose to the

normal. The initial low rate was probably due to the immobility of

the animals which is induced by very low tensions. To the immobility

TABLE I

Relative Oxygen Absorption of Termopsis at Varying Oxygen Tensions

Group
no.
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ration remains very near the normal until tensions below 5 per cent are

reached and even with less than 1 per cent oxygen the respiration is al-

most one-third of its usual value. This situation indicates a very high

degree of independence of the oxygen tension on the part of the termite.

Furthermore, there appears to he a very well-developed capacity for

utilizing extremely small quantities of oxygen. This capacity was made
evident in the above experiment when the gas used was 0.8 per cent oxy-

gen in nitrogen. For here the rate of respiration underwent a steady

decrease, indicating that the oxygen tension was being materially re-

duced by the termites themselves and that the rate decreased along
with the tension.

It seemed advisable to investigate more thoroughly this ability of

the termites to utilize very small concentrations of oxygen. Therefore
a series of studies was made, the data for which are consolidated in

Table II. For the purpose of orientation a group of normal termites

was first used with a mixture containing 0.7 per cent oxygen and the

gas exchange followed for several hours (data not shown in Table II).
The oxygen uptake was steady for a short time (about 30-40 minutes),
then began to fall off. The decrease continued until the gas consump-
tion ceased. But on continuing the readings it was observed that a

positive pressure appeared, suggesting that now some other gas was being
evolved. The rate of evolution became constant within an hour and

remained so as long as measurements were continued a matter of sev-

eral hours. Since the vessel contained strong potassium hydroxide, this

gas could not be carbon dioxide. The experiment was repeated with

an inset of 10 per cent sulphuric acid as well as alkali, but the general

course of the reaction was similar. The termites therefore evolve a

gas which can be absorbed by neither acid nor alkali. No further at-

tempt was made to determine the exact composition of this substance,

but there is a strong possibility that it may be hydrogen or methane, or

a mixture of both. If so, a reasonable assumption is that the micro-

organisms in the gut are responsible. The principal constituent of the

termite diet is cellulose and the breakdown of this material is usually

ascribed to the protozoa and possibly bacteria which inhabit the digestive

tract. In other animals which utilize cellulose in a similar manner,

such as cattle, large amounts of hydrogen and methane are produced.

There is therefore considerable likelihood that we are dealing with an

analogous situation in the termite, although naturally such a statement

cannot be made with certainty in the absence of a quantitative analysis

of the gas produced.
In order to investigate the role of the intestinal fauna in the produc-
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tion of this material which we may call for lack of a more exact

description the
"

undetermined
"

gas a number of termites were de-

TABLE II

Oxygen Absorption by Termites at Very Low Tensions

\ Group
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sinks to zero and remains there indefinitely. It seems legitimate there-

fore to ascribe the inert gas production to the intestinal fauna.

The complicating factor of formation of the undetermined gas may
thus be eliminated by defaunation, but the question is introduced

whether defaunated and normal termites react in the same way to low

oxygen tensions. To investigate this matter and simultaneously to

secure data concerning the original problem of utilization of small

amounts of oxygen the following experiment was performed.

Experiment 4. Seven groups of termites were placed in low con-

centrations of oxygen. Groups I, II, and III were normal, the remain-

der were defaunated. The first three groups and also Groups IV and

V were placed in 0.7 per cent oxygen and Groups VI and VII in 2.08

per cent oxygen. The oxygen content of these mixtures was checked

carefully by analysis with the Haldane gas apparatus. Then the gas

exchange in each group was measured until, in the case of the first three

groups, the rate of production of the undetermined gas was clearly estab-

lished, and in the case of the others the oxygen consumption had ceased

for at least two hours. At the end of this time the readings were dis-

continued and the net f/as exchange of each group calculated. This, of

course, is obtained from the initial and final manometer readings (see

line F in Table II). With the defaunated groups the net exchange is

equal to the total oxygen absorption, since there is no other gas con-

cerned. With the normals the net exchange is equal to the oxygen ab-

sorbed plus the undetermined gas evolved. To find the total oxygen

absorption we must subtract from the net exchange the total undeter-

mined gas evolution. This involves the fairly reasonable assumption
that the production of undetermined gas has the same constant value

while oxygen is being taken up that it is observed to have after oxygen

uptake ceases. This assumption, though reasonable, still remains an

assumption, for definite evidence cannot be secured until a method is

devised for differentially absorbing the undetermined gas in the vessel

as fast as it is formed. There appears to be no method at present for

doing this. If we, then, subtract the total undetermined gas evolved

from the net gas exchange, we get the probable total oxygen consump-
tion of the normal groups (see line L in Table II). Finally, since the

volume of the vessels is known and also the percentage composition of

the gas initially introduced, the actual initial quantity of oxygen can be

calculated (see line K in Table II). The total oxygen usage may then

be compared with the total oxygen available.

From the data presented in Table II the following conclusions may
be drawn. In the defaunated groups (IV-VII inclusive) there is a

fairly close correspondence between the oxygen absorbed and the
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amount initially present in the closed system. At least it may be stated

that there is no significant quantity of oxygen remaining in the system

when the oxygen consumption of the termites ceases. This appears to

be true irrespective of the initial concentration (compare Groups IV

and V with VI and VII). In the normal termites there seems to be a

slight residue of oxygen, a concentration of the order of 0.1 per cent or

a tension of less than one millimeter of mercury. But this difference

between the normal and defaunated animals is too slight to be of sig-

nificance, particularly since (1) the difference is of the order of the

experimental error (as indicated by the deviations in Groups IV-VII)
and (2) the assumption of a constant rate of inert gas evolution, ir-

respective of oxygen tension, may not be precisely consistent with the

facts. In general, however, it is possible to state that both normal and

defaunated termites are able to utilize substantially all the oxygen in

the immediate environment even though the latter reaches exceedingly

low tensions.

Under anaerobic conditions at least the production of undetermined

gas is very constant (see line I in Table II) at a rate of about twenty

cubic millimeters per gram termite per hour. A further study of this

gas production would be of interest with respect to the composition of

the gas and also its possible bearing on the problem of cellulose digestion.

The results obtained with low oxygen tensions suggest further ques-

tions : ( 1 ) What is the aerobic carbon dioxide production in normal

and defaunated animals? This involves also the determination of the

respiratory quotient of both types of animal. (2) Is carbon dioxide

produced anaerobically, and if so, can the termites incur an oxygen

debt? (Such has been found to be the case with the cockroach by

Davis and Slater, 1926, 1928.)

Experiment 6. Eight groups of termites were investigated (see

Table III). Groups I IV were normal animals. Groups V VII were

defaunated one day previously and Group VIII was defaunated two

weeks previously. In every case the gas exchange was determined in

air in the presence of 5 per cent KOH (line C, Table III) and then in

air without alkali (line D, Table III). When no gases other than oxy-

gen and carbon dioxide are involved the result of the first determination

represents the oxygen consumption, since the carbon dioxide is quanti-

tatively absorbed by the KOH. The observed gas exchange in the

second determination then represents the difference between the oxygen

consumption and carbon dioxide production. Since the former is

known, the latter may be calculated (line E, Table III). It was ascer-

tained in the previous experiment (Experiment 5) that there is no pro-
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duction of the undetermined gas by defaunated termites and therefore

in Groups V VIII the observed exchange of carbon dioxide and oxygen

may be taken as the corrected, or true, exchange (lines H and I, Table

III). With normal termites it may be assumed, as previously, that

TABLE III

Carbon dioxide production and respiratory quotient of termites. Gas ex-

change in all cases expressed as cubic millimeters per gram termites per hour.

A. Group and condition
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lowed for and corrected values of the oxygen and carbon dioxide ex-

change obtained (lines H and I in Table III). Applying this correction,

the values of the respiratory quotient approach very closely to unity

(line J, Table III). The freshly defaunated termites also show the

same approximate value, and with them no assumption concerning the

production of the undetermined gas is necessary. These results con-

firm the statement of Cleveland that the usual R.Q. of termites is prac-

tically 1.0. It is of interest to note, however, that termites which have

been defaunated for some time and consequently probably are under-

going starvation show a much lower R.Q. in the one case here investi-

gated 0.82. - This is to be expected from what we know in general of

the effect of starvation on the R.Q. of other animals.

To determine the anaerobic carbon dioxide production the same

termites were subjected to as low an oxygen tension as could readily

be obtained, 0.7 per cent. Since it was ascertained in Experiment 5

that the consumption of this oxygen ceases or is too small to have mate-

rial effect in about three hours, the termites were allowed to remain for

this period in the closed vessels and then the gas exchange was measured

for one hour. The readings showed a low but distinct positive varia-

tion, indicating the production of gas (line K, Table III). With nor-

mal animals part of the output (20 cu. mm./gm. X hr.) was due to

production of the undetermined gas and therefore this amount was sub-

tracted from the observed gas production to give the carbon dioxide

value (line L, Table III). This value is considerably below that ob-

tained under aerobic conditions but is evidence that some metabolic

changes are still proceeding in the animal's tissues.

To summarize this experiment and answer question 1, it may be

said that both normal and freshly defaunated termites produce carbon

dioxide under aerobic and anaerobic conditions; that the R.Q. of both

types of animal is very close to unity; and that the anaerobic carbon

dioxide production while present is much smaller in both types than

the aerobic production.

Experiment 7 . Three groups containing equal numbers of termites

at 20 C. were placed in air and their respiration measured with and

without the presence of KOH. Group I was then exposed to 0.7 per
cent oxygen in nitrogen in the presence of KOHfor an hour and a half,

or until the oxygen was nearly exhausted, at which time air was reintro-

duced. The oxygen consumption began again and after a brief interval

at a lower rate proceeded indefinitely at the same rate as at the beginning.

- All the termites were normally mobile and active, even those which had been
starved. All were therefore at the same "

basal
"

level.



RESPIRATORYGAS EXCHANGEIN TERMITE 255

The absence of any increase in the rate above the normal precludes the

possibility of oxygen debt. Groups II and III were similarly treated

except that KOHwas not present. Air was readmitted at the end of

three hours of anaerobiosis. The respiration rates (both carbon dioxide

and oxygen) returned very quickly to their normal values and remained

there for several hours, at the end of which time the experiment was

discontinued.

Experiment 8. A repetition of Experiment 7 in which the results

of the latter were confirmed.

It seems clear that the termite (Termopsis at any rate) possesses a

mechanism for the continued production of carbon dioxide even in

TABLE IV

Tlic Effect of Prolonged Exposure to Nitrogen

Termite
group
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Experiment 9. Eight groups of termites, after their normal oxygen
consumption was measured, were placed in a desiccator. The latter

was filled with nitrogen from which the oxygen had been removed by
treatment with strongly alkaline pyrogallol. At intervals the termites

were removed and their respiration measured as well as their general
behavior observed. The respiratory rate was measured after the ter-

mites had recovered their mobility, except in Groups VII and VIII
which never recovered. The lack of mobility may therefore in part
account for the low rate of oxygen consumption noted in these two

groups. The effect of prolonged exposure to pure nitrogen is sum-

marized in Table IV.

It will be observed that the first noteworthy reduction in respiration
occurs in the group which had been without oxygen for four days and
that this group never recovered their mobility. These termites there-

fore are not truly anaerobic in the same sense as, for example, yeast,

which is able to survive and grow indefinitely in the absence of oxygen.
Nevertheless the survival without apparent harm for two days is in

itself a striking and significant phenomenon.
In addition to the ability to withstand oxygen lack, Tcrmopsis shows

high tolerance to the presence of carbon dioxide. The respiration of

four groups of termites was measured in 20 per cent oxygen plus 5, 10,

20, and 40 per cent carbon dioxide respectively. The net gas ex-

change of those in the 5, 10, and 20 per cent carbon dioxide, with no

alkali present in the vessels, was approximately the same as that of

termites in air and the appearance of the termites otherwise was per-

fectly normal. It is unlikely therefore that any considerable upset oc-

curred in their respiration. The same considerations concerning respi-

ration apply to the group in 40 per cent carbon dioxide, but these ter-

mites soon became immobile.

The general conclusion may be drawn from all these experiments
that Tcrmopsis ncvadcnsis possesses powers for meeting adverse en-

vironmental conditions far in excess of its probable needs. The natural

habitat is relatively well aerated wood in which the gas tensions are

probably not far from atmospheric. Nevertheless, these animals are

capable of extracting practically the last traces of oxygen in a closed

space and then of persisting several hours, if not days, in the absence of

oxygen. Furthermore, they can endure quantities of carbon dioxide

which would seldom if ever be present naturally in their environment.

These conditions might occur in wet soil or in other habitats frequented

by some of the other species and genera of termites. If this is so, it

is possible that ability to withstand such conditions is a general char-

acteristic of all the members of the group which persists in certain
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species even though the actual need is seldom encountered. A com-

parative study of the different species of termites with respect to their

respiratory power and their environment is very desirable.

SUMMARY

The oxygen consumption of Tcrnwpsis nevadensis does not decrease

materially with falling oxygen tension until a concentration of approxi-

mately two per cent is reached. Below this tension the affinity of the

animals for oxygen is so marked that substantially all the available gas

is consumed.

In the absence of oxygen the organism is able to respire anaerobi-

cally, although at a reduced rate, for as long as two days without injury.

During this time the animals are in a state of immobility from which

they recover soon after readmission of air. After exposure to anaer-

obic conditions no indication of oxygen debt was found.

These termites are able to exist and respire normally in carbon di-

oxide as high as 20 per cent. Higher concentrations tend to induce a

condition of anaesthesia, which, however, is reversible.

Under anaerobic conditions, and possibly also in the presence of

oxygen, the termites evolve an undetermined gas which may be hydrogen

or methane. The production of this gas depends on the integrity of the

intestinal fauna, since it is not evolved by defaunated termites.

The respiratory quotient of both normal and freshly defaunated

termites is approximately unity, but in starved defaunated termites it

falls considerably.
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